The Jingjiang Three Outlets (JTO) are the water-sediment connecting channels between the Yangtze River and the Dongting Lake. The discharge diversion of the JTO plays a dominant role in the flood control of the middle-lower Yangtze River, Dongting Lake evolution, and ecological environment. After the operation of the Three Gorges Dam (TGD), the river channels downstream experienced dramatic channel changes.
INTRODUCTION
More than 47,000 large dams and 800,000 small dams have been constructed in river systems worldwide in the past few decades (Haghighi et al. ) . Dam impoundment led to large amounts of sediment retention in reservoirs (Syvitski (Dai & Liu ) . The channel incision lessened the water level of the main river with the same discharge (Wang et al. ) , and also directly altered complex riverlake relationships (e.g., Gao et al. ; Zhang et al. a) .
The TGD operation decreased the magnitude of extreme flow in the summer season (Gao et al. ) and partially contributed to flood control. However, the frequency and timing of severe floods in the middle-lower Yangtze River are affected because of the channel incision caused by the TGD (Nakayama & Shankman ) . The channel incision downstream of the TGD is mainly distributed along the main stream of the Yangtze River (Dai & Liu ) . The lowering water level reduces the ability of the water discharge to transfer to the water diversion area. Channel changes caused a new water regime situation to appear in the middle-lower Yangtze River basin. Understanding the influences of channel change on the water regime situation is crucial for flood control, the management of the ecological environment and water resources in the Yangtze River basin. Therefore, quantitative assessments of the contribution of the channel changes to the water regime changes are urgently needed.
The Jingjiang Three Outlets (JTO), which form the main entrance of the water discharge of the Yangtze River entering the Dongting Lake, directly play a dominant role in flood control in the middle-lower Yangtze River, Dongting Lake evolution (Ding & Li ) , and ecological environmental changes (Hu et al. ) . During the flood season, the JTO recharge 20-30% of the main river water discharge (Lu et al. ) , thereby reducing the flood pressure on the lower reaches. Meanwhile, the diverted discharge can relieve the lake droughts during the other seasons. After 2003, the amount of discharge diversion at the JTO significantly decreased (Lu et al. ) . Chang et al. () concluded that the TGD channel erosion at the main stream and the JTO jointly caused the decrease in the discharge diversion ratio, and then resulted in the amount of discharge diversion decreasing. However, Zhu et al. () believed that the decreased ratio and amount of discharge diversion were mainly caused by the hydrological variations of the main stream. Previous studies still disagree on the degree to which channel changes affect the discharge diversion of the JTO. Therefore, figuring out the channel change characteristics and the contributions of the channel changes to the discharge diversion of the JTO is necessary. Specifically, this study has the following objectives: (1) to reconstruct the water level-discharge rating curves for detecting the river channel change characteristics and quantify the effect of the river channel changes on lowering the water level; (2) to establish equations on the discharge diversion and level difference of the Yangtze River and the JTO, thereby estimating the discharge diversion under no channel changes; and (3) to analyze the influence of the channel changes on the discharge diversion.
MATERIALS AND METHODS

Study area and data
The Jingjiang River is approximately 347 km long in the middle Yangtze River between Zhicheng and Chenglingji. Water level-discharge rating curve
The power law function approach for the rating curve is based on the Manning equation (Leon et al. ) . The approach uses a one-to-one mapping of the river water level to the discharge estimates (Wolfs & Willems ) as follows:
where Q is the discharge (m 3 /s), H is the water level (m), a and b are the empirical parameters, and h 0 is the water level at zero flow (datum correction) (m). This equation can be transformed by logarithms to the following form:
where the parameter range of h 0 is not less than the bottom elevation and not more than the water stage (Zhang et al. 
where Q mes is the observed flow in the gauge case, Q cal is the rated flow, and n is the number of measurements.
The water level-discharge rating parameters can be related to the physical characteristics of the river channel. 
Mann-Kendall test for trend change analysis
The non-parametric Mann-Kendall (MK) test is used to analyze the trend variations of the water level-discharge rating parameters. The MK test is based on the correlation test between the ranks of observations and their time sequence (Mann ; Kendall ) . The test statistic for a time series (x 1 , x 2 , x 3 , . . . , x n ) is given as follows:
where x i and x j are the data values at times i and j, respectively. n is the data set record length, and
where m is the number of tied groups; t i is the number of data in the tied group. The standard normal variable Z is computed from Equation (7) as follows:
The 
The most significant change-point is found where the value of U t,T is the largest:
The associated probabilities (p value) used in the significance testing are as follows:
The null hypothesis is rejected once the p value is less than the specific significance level (e.g., 5% in this study).
In other words, a significant change point exists. The water level-discharge relationships and cross-sectional channel profiles remained steady in 1994-2002 at the five control stations of the JTO (Figures 2 and 3) . Therefore, the correlation equations are established between the amount of discharge diversion and the level differences based on data observed in the pre-TGD decade (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) : The regression equations were used to predict the amount of discharge diversion of the same series (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) and to test the predicted precision. A comparison between the estimated and observed values in [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] confirms that the estimated daily discharge diversion is consistent with the observed values at the five control stations of the JTO (Figure 4) . Thereafter, the equations of the pre-TGD were used to predict the amount of discharge diversion under no channel changes for the post-TGD period and to quantify the impact of the river channel changes on the amount of discharge diversion. The difference between the observed and estimated discharge diversions is attributed to the channel changes.
RESULTS AND DISCUSSION
Variability of water level-discharge rating curves
The trend and abrupt changes of the water level-discharge rating parameters at Zhicheng during 1980-2014 were calculated by the MK and Pettitt tests (Table 1) when the discharge is less than 30,000 m 3 /s (Figure 6(a) ).
The channel at the main stream significantly erodes after the TGD operation ( Figure 6 
Effect of river channel changes on lowering water level
The stable water level-discharge rating curve during 1994-2002 would appropriately estimate the water level under no channel changes after 2003 (Figure 6(a) ). The relationship between the water level and the discharge in (Figure 6(a) ).
1994-2002 is obtained by a regression analysis
L ¼ 6 × 10 À14 Q 3 À 8 × 10 À9 Q 2 þ 0:0005Q þ 33:893 (16) where L is the water level (m) and Q is water discharge (m 3 /s).
The regression equations were used to predict the water level of the same series (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) and to evaluate the reliability of the predicted results using this method. The comparison between the estimated and observed values in Figure 7) . Therefore, the daily water levels under no channel changes after 2003 at Zhicheng can be calculated using regression Equation (16). Thus, the changes in the amount of discharge diversion would significantly influence the lake ecosystem. Therefore, further work should be conducted to detect the corresponding influences of hydrological alteration on the lake ecosystem.
Effect of the river channel changes on the discharge diversion ratio The changes in the discharge diversion ratio at different control hydrological stations display different amplitudes ( Overall, the analysis shows that the channel changes
have not yet significantly affected the discharge diversion ratio. However, channel erosion and incision downstream of the TGD are expected to continue to occur in the foreseeable future (Gao et al. b, c) , thereby further lowering the water level with the same discharge. The channel 
CONCLUSIONS
This study aims to detect the responses of the discharge diversion at the JTO to the significant channel changes that occurred at the main stream and the JTO after the TGD operation. The major findings are as follows:
(1) The channel morphology changed tremendously based on the rating curves and cross-sectional channel profile analysis after the TGD operation. The channel incision at Zhicheng resulted in a significant decline of water level with the same discharge. By contrast, the channel deposition at the JTO caused the water level to rise with the same discharge.
(2) Only 37.74% of the amount of discharge diversion decrease was attributed to the channel changes in 2003-2014. The hydrological variations of the main stream are the dominant factor in decreasing the amount of discharge diversion after the TGD operation.
(3) The discharge diversion ratio decreased by 2.20%, nearly 76.36% of which was attributed to the channel changes after the TGD operation. The channel changes were the primary factor in facilitating the discharge diversion ratio decrease. The discharge diversion ratio will inevitably further reduce in the near future with the continuous channel erosion at the main stream and the channel deposition at the JTO. This result will potentially increase the flood pressure for the lower reaches in the flood season. Hence, the flood diversion program downstream of the Yangtze River should be considered. 
